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The pharmaceutical industry is increasingly looking towards computational methods to assist in drug development. The aim is to shorten the time needed for establishing the physical properties of the crystalline forms that are relevant to designing the formulation and manufacturing process. The thermal expansion properties are very specific to the polymorph as well as the molecule, and the difference in the anisotropy can be significant. The thermal expansion of the chosen solid form of the active pharmaceutical ingredient (API) can affect whether the formulated pills maintain their integrity over the wide range of temperatures involved in manufacture, storage and transport throughout the world. 1, 2 However, thermal expansion may also play a significant role in the computation of more fundamental properties. The crystal structure obtained by lattice energy optimization differs from the experimental structure by the thermal expansion, and this variation can have a pronounced effect on the corresponding powder diffraction pattern causing problems in using computed structures to help identify novel solid forms. 3, 4 The relative stability is a vital property, and the inclusion of thermal expansion and zero-point effects has been estimated to change the relative stability of 21% of 475 known pairs of polymorphs. 5 We have recently shown that the neglect of thermal expansion can lead to a significant underestimate of the calculated heat capacities of naproxen, which differ sufficiently to affect the relative stability of the racemic and enantiopure forms. 6 Hence, it is important to measure the thermal expansion of pharmaceutical crystals to assess what approximations in computational treatment of thermal expansion are appropriate for various applications.
Density functional theory (DFT) has widespread use in computational materials science and cognate disciplines. 7 The development of London dispersion corrections in the DFT framework extended their applicability to the important class of noncovalently interacting systems like organic crystals. [8] [9] [10] Dispersion corrected DFT (DFT-D) has been tested extensively on the computation of electronic lattice energies with mean absolute errors of 4 kJ/mol to 10 kJ/mol. [11] [12] [13] [14] For modeling the temperature dependent thermodynamic properties the quasi-harmonic approximation (QHA) has been shown to be more efficient than molecular dynamics and more realistic in including thermal expansion than the harmonic approximation. 15 In recent years, the QHA has been applied using classical force fields, 16, 17 periodic electronic structure calculations both by DFT-D methods, 14, [18] [19] [20] and post-Hartree-Fock methods. 21, 22 While the post-Hartree-Fock studies focused on small molecular crystals, a recent study on purine has pioneered the thermal expansion on an organic solid, namely purine. 20 The present paper also generates the experimental data needed to asses the QHA for a more typical pharmaceutical crystal.
Realistic pharmaceutical crystals are significantly larger and their modeling requires more efficient simulation methods. Thus, recent efforts provided the chemistry community with new electronic structure methods, which cover several orders of magnitudes in computational speed. [23] [24] [25] While good structures and energies for organic crystals have been presented, 26, 27 careful tests are needed to establish their broad applicability to second derivative properties.
The thermal expansion of pharmaceutical crystals reflects a complex balance between various intermolecular forces, such as hydrogen and halogen-bonding, π · · · π stacking, van der Waals forces, and changes in the conformation and covalent bonding. The example chosen was carbamazepine ( Fig. 1 ), a small anti-epileptic, antioconvulsant, bipolar disorder treatment drug which has both polar, hydrogen bonding groups and a large aromatic fragment. Four carbamazepine polymorphs contain the same hydrogen bonded dimer, but vary in the aromatic packing of the hydrocarbon dibenzoazepine rings. In contrast, form V has catermeric hydrogen bonding. 28 Over 50 crystalline structures containing carbamazepine have been produced. 29 We chose to study the crystal structure of form III 30 as it is the most stable at ambient temperatures, though the energy separation of the dimeric polymorphs (I-IV) is less than 3 kJ/mol. 31 There have been many previous determinations of the form III structure at room temperature, but the lowest temperature study was to determine the electron density at 100 K. 32, 33 We measure the variation in the structure of carbamazepine form III between 12 and 298 K from powder X-ray data and use this thermal expansion data to assess whether the affordable electronic structure methods within the quasi-harmonic approximation (QHA) can predict the effect of molecular motions on the crystal structure.
Carbamazepine was purchased from Sigma-Aldrich (C4024) and purified via recrystallization using ethanol/water as a solvent/anti-solvent mixture. The standard form III polymorph was obtained by slow cooling (60 • C -ambient over 24 hrs) of a saturated solution of purified carbamazepine in ethanol, which gave small white rhombohedral crystals. The form III crystals were gently ground into a fine powder before being mounted on a chromium plated copper sample holder and loaded into an Oxford Instruments low temperature PheniX stage.
A Bruker D8 Advance diffractometer with a PSD LynxEye Detector and Oxford Cryosystems pHeniX cryostat was used. X-ray diffraction of the powder was measured over the angle range 5 to 35 • 2θ with step size of 0.02 • and collection time of 20 min continuously over 4 days as the temperature was lowered from 298 to 12 K. Unit cell parameters were calculated by Rietveld refinement of the known form III powder pattern with the software Profex using the BGMN engine. 34 Refinement was considered complete when R wp ≤ 1.5R exp .
The QHA introduces the missing volume dependence of phonon frequencies by retaining the harmonic expression for the Helmholtz free energy:
Here, E latt (V ) is the zero-temperature internal energy of the crystal (its lattice energy) without any vibrational contribution with the cell and atomic positions optimized at fixed volume V . The vibrational contributions are
where the phonon frequencies ω k,p , which correspond to a k-point in first Brillouin zone and a phonon band index p, depend on the unit cell volume (see Table S9 for different phonon samplings).
The equilibrium volume at a given temperature T , V (T ), is obtained by 3. Simplified density functional tight-binding method of third order with self-consistent charges and London dispersion correction (DFTB3-D3). [37] [38] [39] For our system, the fastest method, DFTB3-D3, is a factor 2700 faster than the most expensive, HSE-3c. DFTB3-D3 is a standard semi-empirical approach with quite severe approximations in the many center integrals. 40 In contrast, HSE-3c has been shown to be competitive to standard dispersion corrected density functional approximations in converged basis set expansions 25, 35 and superior to other approaches employing small basis sets. 35, 41 Tables S1 and S7 demonstrate that this accuracies transfers to the carbamazepine crystal.
The methods are implemented in a developer version of the CRYSTAL 42,43 program suite, which scales well on high performance computing facilities. 44 However, for this study, CPU time of about 10 000 h were sufficient to perform the calculations (explicit timing in supporting information). For the QHA, a convenient module can be used that automatically performs the required V -constrained optimizations, phonon computations, interpolation of modes, and subsequent computation of desired properties. [45] [46] [47] [48] The cell volume and cell parameters have been measured between 12K and 298K in about 1.5 K steps; refined crystallographic information files are provided in the supporting information. A comparison of the low temperature (12K) and room temperature (298K) structures shows that the carbamazepine molecular conformation does not change upon heating. However, the carbamazepine molecule is enlarged with the rotational constants decreasing by about 2.3 %. This is not reproduced by our calculations (see Fig. S1 and Table S6 ). Perturbative anharmonic treatment using density functional theory is able to compute the expansion of small organic molecules in the gas phase. 49 Hence, it is not clear how much of the error comes from the averaging over the modes in the diffraction experiment, the use of the QHA, or the electronic structure theory used (see Table S7 ). Analyzing the intermolecular interactions, we see several different features that expand in a similar fashion and are well represented by the our computational approach. The hydrogen bond distance, the π-π stacking of the parallel aromatic rings, and the CH-π distance of the approximately orthogonal aromatic parts (see Fig. 1 ) expand by 1.0%, 1.3%, and 1.2%, respectively between 12 and 300 K (see Table S8 ). We observe that the surprisingly similar expansion of the Hbond and the π stacking motifs can be attributed to the interlocking of carbamazepine molecules within this particular crystal preventing independent changes in these packing motifs.
Additional qualitative insight can be gained by comparing the Grüneisen parameter γ i = −V /ω i (∂ω i /∂V ) , which quantifies change in the phonon modes, as computed by HSE-3c and given in Table S10 . The stiffening of the N-H stretching modes (γ < 0) indicates a weakening of the hydrogen bond with increasing temperature. In contrast, the modes corresponding to a relative movement of the π-stacked molecules have the highest Grüneisen parameter (γ > 0) and are softening. This softening of low frequency modes contributes significantly to the entropy gain on heating up the crystal. The careful identification of the specific modes was required to calculate the Grüneisen parameter as several modes cross in energy (see Fig. S5 ). There is no gap between inter-and intramolecular modes, in contrast to small rigid molecular crystals like benzene. This indicates that the phonon spectrum dependent free energy contributions are more challenging to describe and it seems unlikely that a separation of modes, as in a rigid-body molecule approximation, will be accurate for pharmaceutical-like organic crystals. 6 A quantitative comparison of the cell parameters at 12 K and the lattice energy minimum (Table 1) shows a systematic improvement from DFTB3-D3 to HF-3c to HSE-3c, which is most evident from the comparison of a 15 molecule coordination cluster (RMSD15). Indeed the HSE-3c structure is slightly better than the geometry from PBE-D3 51,52 evaluated in a medium sized def2-SVP basis set. 53 The computed unit cells from lattice energy optimizations are smaller then the X-ray structure. This is correct as the zero-point vibrational contribution enlarges the computed cells even at 0 K ( Table 1 ). The volume expansion due to zero-point vibrations is a significant 2% for all methods. This agrees well with previous studies on crystals with smaller molecules where the zero-point expansion ranges between The difference between no QHA and 0 K is the zero-point expansion, as quantified in Table 1 .
In Fig. 2 we show the thermal expansion of the carbamazepine crystal from the three electronic structure methods compared to our measurements. The screened exchange hybrid functional HSE-3c performs well, but DFTB3-D3 is poor in absolute terms. However, the relative thermal volume expansion is captured well by all methods (Fig. S3 ) varying from 3.0% and 3.6% from DFTB3-D3 and HSE-3c respectively, both agreeing well with the experimental 3.6% between 12 K and 298 K.
A more detailed analysis of the thermal expansion of the individual unit cell parameters is shown in Fig. 2 for the absolute cell parameters for the HSE-3c method. On the absolute scale, one can mainly see that the cell parameter computed by HSE-3c agree well with the measurements, the deviations are well below 1% for all directions. The relative deviations (Fig. S4) show some more pronounced differences. While the c-direction is correctly computed to expand the most, the calculations do not differentiate between the other two crystallographic directions, which expand by 0.8% in a and 1.3% in the b -direction.
This might indicate that the theoretical approach is too approximate to capture all the interactions within the crystal to the same accuracy. In particular, the different stacking motifs sketched in Figure 1 have to be described in a balanced way to capture the overall intermolecular interactions, let alone how the conformation and vibrations of the molecule are affected by the crystal packing.
Overall, we have a good agreement of the computed and measured structural features computed by our most accurate HSE-3c electronic structure method, while the cheapest DFTB3-D3 scheme proved to be insufficiently accurate. For relative unit cell expansions, all three methods give a reasonably good agreement, while none gave the difference in the a and b crystallographic directions accurately. The mixing of the inter-and intramolecular modes shows that assuming the anhamonicity in all modes is small is questionable. Indeed, for other organic crystals the thermal ellipsoids may show that some modes are very poorly described by the QHA, for example wide amplitude methyl rotations. Depending on the specific crystal structure, quantitative accurate calculation of thermal expansion might need more elaborate methods for example an explicit treatment of the different directions, i.e. one would need to construct the free energy potential F QHA as a function of the unit cell parameters. Some crystals may even require sampling of the full potential energy surface via molecular dynamics simulations. 54
While the prediction of correct thermal expansion is important, it is even more important to asses the effect on the relative free energies of polymorphs. In Fig. 3 panel of Fig. 3 shows the differences in enthalpy and entropy when computed in the QHA, which includes thermal expansion, and in the HA, which ignores it. At room temperatures, we note differences of 1-2 kJ/mol in the enthalpic and entropic contributions that partially cancel each other for carbamazepine form III. These contributions are within the typical range of polymorphic energy differences 2 and thus important to consider, particular when the two polymorphs have pronounced differences in their conformations and packing motifs and thus the two crystals could have significant differences in the anisotropy of their thermal expansion. Fig. 3 also shows zero-point, enthalpy, and entropy contributions based on DFTB3-D3 phonon calculations combined with the lattice energy from HSE-3c. As thousands of individual frequencies have to be calculated, this is the computational bottleneck and using DFTB3-D3 speeds up the calculations significantly. The results are in close agreement with the full HSE-3c treatment, and so sufficient for estimating free energy, and relative thermal expansion for many purposes.
We have presented consistent temperature dependent crystallographic measurements of carbamazepine form III. These thermal expansion data highlight the anisotropic inter-and intramolecular interactions in this prototypical API. We find that different interaction motifs like H-bonding and π-π stacking are strongly coupled leading to similar thermal expansion of all intermolecular distances for this specific polymorph. Some subtle differences in the anisotropy of the thermal expansion are not captured by the QHA using low-cost electronic structure methods. However, calculating the phonons by DFTB3-D3 presents an efficient route for estimating the contributions to the free energy. We have only studied one particular polymorph of a nearly rigid molecule in which the packing couples the different intermolecular interactions. Hence, determining whether this approach can provide reliable free energy differences for polymorphs of small pharmaceutical molecules in industrial development requires similar joint experimental and theoretical studies for a wide range of organic systems.
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